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(3) Long distance soliton lightwave communication system. 



(57) Long distance soliton lightwave communication systems are considered fa next generation appli- 
cation in terrestrial and transoceanic environments. These systems employ a chain of lumped fiber 
amplifiers interconnected by long spans of dispersion shifted optical fiber. In such systems, resultant 
pulse distortion and dispersive wave radiation are minimized when the soliton period is long relative to 
the perturbation length which is the longer of either the amplification period defined in terms of the 
length of the optical fiber span between consecutive amplifiers or the dispersion period defined in terms 
of the length over which the dispersion exhibits a periodic characteristic. Additional system parameters 
for optimized soliton transmission include the relationships of both the path-average soliton power to 
the normal soliton power and the path-average dispersion from one optical fiber span to the next Single 
channel and wavelength division multiplexed systems are disclosed. 



Eur paische Patentamt — j 
(19) European Pat nt Office | 

Office europeen des brevets ^ 



CO 
CO 

CO 



Q. 

U4 



Jouve, 18, rue Saint-Denis, 75001 PARIS 



EP 0 473 331 A2 



Technical Field 

This invention relates to lightwave communication systems and, more specifically, to systems which sup- 
port propagation of soliton pulses. 

5 

Background of the Invention 

Lightwave communication systems, especially, long-haul lightwave communication systems, remain under 
active development worldwide. Techniques and apparatus are being reposed for achieving much longer com- 

10 munication distances at progressively higher bit rates. In such systems, fiber nonlinearities and dispersion tend 
to limit the available alternatives for modulation formats which can accommodate the data speed requirements 
while being relatively unaffected by the nonlinearities. 

Since propagation of soliton pulses in optical fiber depends on the presence of group velocity dispersion 
in the fiber, soliton pulse propagation has been proposed as one method for transporting lightwave information 

15 in a telecommunications system. In order to overcome intrinsic losses in the optical fiber, non-electronic ampli- 
fication elements are disposed along the telecommunication system to amplify the soliton pulses. Non-elec- 
tronic amplification elements provide amplification of the signal as a photon pulse without changing it into an 
electron pulse. These amplification elements include doped-fiber amplifiers, semiconductor traveling wave 
amplifiers, Raman amplifiers, and phase coherent, continuous wave, injection amplifiers. Non-electronic ampli- 

20 fication elements are taught as providing the additional required capability of decreasing the width of the soliton 
pulses while simultaneously increasing their peak power. 

As the length of the entire telecommunication system exceeds several hundred kilometers, it is necessary 
to space amplification elements apart by a predetermined distance to form an amplification chain along th 
length of the optical fiber. That is, a plurality of optical amplifiers are interconnected by individual lengths of 

25 optical fiber. Spacing of amplification elements continues to be a relatively inexact science for single channel 
systems owing perhaps to the specification by long haul telecommunication systems designers that, for cost 
and future system maintenance reasons, the interamplifier spacing should be on the order of 100 km. Such a 
specification disregards effects on system performance and quality. In wavelength division multiplexed soliton 
systems, the spacing of Raman amplifier pump sources was determined to be an appropriate distance which 

30 would introduce only a small velocity (wavelength) shift of the soliton pulses. Interamplifier spacing L for Raman 
pump sources has been determined in relation to the soliton period, zo, as Zo>L/4. In that patent, it was also 
recommended that the interamplifier spacing satisfying Zo<U16 was also recommended as desirable to over- 
come soliton stability problems in the vicinity of Zo»U8. While these guidelines exist for Raman amplification 
systems, there are no clear guidelines for interamplifier spacings in lumped amplifier systems such as those 

35 systems including doped-fiber amplifiers. 

Summary of the Invention 

Resultant pulse distortion and dispersive wave radiation are minimized in long distance soliton lightwav 
40 communication systems employing a chain of lumped fiber amplifiers interconnected by long spans of optical 
fiber by incorporating transmitters or radiation sources which generate pulses having a soliton period much 
longer than the perturbation length of the system, by utilizing optical amplifiers which are controlled to provide 
sufficient gain for the soliton pulses so that the path-average soliton power is substantially equal to the normal 
soliton power, and by including optical fiber segments which are interconnected to span the system in such a 
45 manner that the dispersion characteristic of the system is substantially periodic to cause the path-average dis- 
persion to be substantially equal from one optical fiber span to the next. The perturbation length is defined as 
the much longer of either the amplification period defined in terms of the length of the optical fiber span between 
consecutive amplifiers or the dispersion period defined in terms of the minimum length over which the dispersion 
exhibits a periodic characteristic, 
so Embodiments of single channel systems and wavelength division multiplexed systems are described. For 
wavelength division multiplexed operation, it is shown that the interchannel separation results in a solrton-soli- 
ton collision length for pulses from different wavelength channels which collision length should be gr ater than 
or qual to twice the perturbation length. 

55 Brief Descripti n of the Drawing 

A more complete understanding of the invention may be obtained by reading the following description of 
sp cific illustrative embodiments of the inv nti n in conjunction with the appended drawing in which: 

3 
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FIG. 1 is a simplified block diagram of a lightwav transmission system employing a chain of discrete optical 
amplifiers separated by long spans of optical fiber; 

FIG. 2 shows a plot of an exemplary variation of group delay disp rsion D versus distance over two ampli- 
fication periods of the illustrative system of FIG. 1 ; 

5 FIG. 3 shows a plot of peak normalized soliton power and path-averaged soliton power versus distance 

over the two amplification periods shown in FIG. 2 for the illustrative system of FIG. 1; 
FIGs. 4, 5 and 6 show linear and log plots of normalized path average intensity of a soliton pair and its 
optical spectrum after a propagation of 9000 km in the exemplary system of FIG. 1; 
FIG. 7 shows a wavelength division multiplexed soliton transmission system; 

10 FIG. 8 shows curves for acceleration, velocity and soliton pulse energy as a function of distance during 
collision of a pair of solitons in the system of FIG. 7; and 

FIG. 9 shows curves for net absolute frequency shift resulting from collisions between solitons having a 
50 psec pulse width as a function of Lca/Lp^. 

is Detailed Description of Single Channel Soliton Transmission System 

An exemplary lightwave transmission system is shown in FIG. 1 . The system includes lightwave transmitter 
10, a plurality of spans of optical fibers 12-1 through 12-(n+2), a plurality of optical amplifiers 11-1 through 1 1- 
(n+1), and an optical receiver 20. Soliton pulses are formed by transmitter 10 and coupled into single mode 

20 optical fiber 12-1 . Since the fiber attenuates pulses propagating therethrough, pulses arriving at optical amplifier 
11-1 are lower in amplitude than they were when they were coupled into fiber 12-1 at its input end. After ampli- 
fication by optical amplifier 1 1-1, pulses continue to propagate through fiber 12-2 and so on while being period- 
ically amplified by optical amplifiers 11-2 through 1 1-(n+1). When pulses reach the output end of fiber 12-(n+2), 
they are detected in receiver 20. 

25 Transmitter 10 provides pulses at a center wavelength in the pulse spectrum for coupling into fiber 12-1 

which pulses have approximately a hyperbolic secant amplitude envelope and which also have a pulse width 
t and a peak power related in order to form a fundamental soliton pulse in an appropriate fiber. Appropriate 
fibers for supporting soliton pulse propagation are low loss, low dispersion, single mode optical fibers providing 
anomalous dispersion at least at the transmission wavelength X). It will become apparent below that the trans- 

30 mitter generates solitons having a soliton period Zo in the transmission system. 

As is well known in the art, only pulses whose wavelength is in the anomalous group velocity dispersion 
region of a single mode optical fiber can become solitons. Thus, the center wavelength of pulses from trans- 
mitter 1 0 are considered to be in the anomalous group velocity dispersion region of fibers 12-1 through 1 2-(n+2). 
The center wavelength is also advantageously selected to lie in a low loss region of the optical fiber. For 

35 example, in a system using silica-based optical fiber, the center wavelength is chosen to be in the low loss reg- 
ion around 1 .55um. 

Optical amplifiers 11-1 through 1 1-(n+1) change the amplitude of propagating soliton pulses by injection 
of electromagnetic energy into the system. These amplifiers permit the soliton pulses to remain as light through- 
out the entire amplification process. Successive amplifiers are shown to be spaced apart by a substantially 

40 equal distance L known as the amplification period. The gain provided by these amplifiers can be varied over 
a wide range which is affected by the amplification period L, the intrinsic loss of the optical fiber, the amplifier 
noise, and the like. In the experimental practice of this invention wherein erbium doped optical fiber amplifiers 
have been employed as the optical amplifiers, the amplifier gain has been maintained at values less than or 
equal to 10 dB in order to provide "quasi-distributed amplification" and to keep the instantaneous and accumu- 

45 lated amplified spontaneous emission noise sufficiently low for an adequate signal-to-noise ratio in the system. 
While it is described and understood that the gains of the amplifiers are substantially equal and that the amplifier 
spacings are substantially equal, it is contemplated that some nominal deviation from equality may be used for 
the amplifier gains and the amplifier spacing. 

Nonelectronic amplifiers such as semiconductor amplifiers, doped-fiber amplifiers and the like are well 

so known to those skilled in the art and are contemplated for use herein. Similarly, suitable lightwave transmitters, 
lightwave receivers, and optical fibers are well known to those persons of ordinary skill in the art and will not 
be discussed herein. 

Soliton propagation is normally considered as involving a continual balance along its path between the dis- 
persive and nonlinear terms of the nonlinear Schrodinger equation. Consequently, it was believed that distri- 
55 buted amplification to uniformly comp nsate intrinsic loss would be necessary for long distance soliton 
transmission. Ind ed, the Raman eff ct via distributed Raman amplification nabled the first experimental 
studies of such transmission using distributed amplification. 

Distributed amplification for soliton propagation has been recently replaced by tumped amplification using . 
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a chain of discrete erbium doped fiber amplifiers 11-1 through 1 1-(n+1) separated from each other by corre- 
sponding lengths of optical fiber 12-1 through 12-(n+2) as shown in FIG. 1. In accordance with the principles 
of the present invention, soliton transmission is improv d and optimized when the amplification p riod L is very 
short on the distance scale of significant dispersive and nonlinear effects. Amplification period is defined in 
5 terms of the length of the optical fiber span between consecutive amplifiers. The distance scale of significant 
dispersive and nonlinear effects is measured in terms of the soliton period Zq. It is well understood that the sol- 
iton period is characterized as 

10 where c is the speed of light in a vacuum, X» is the center wavelength of the soliton, t is the soliton pulse width, 
and D is the path-averaged group velocity dispersion of fibers 12-1 through 12-(n+2). For the condition L « 
Zo, the soliton pulse shape including pulse width is substantially undisturbed over one amplification period. The 
nonlinear effect accumulated over each amplification period L is simply determined from a corresponding path- 
average power. Path average power is calculated as follows: 

15 

C 0 

20 

wherein P(z) is the actual power of a soliton pulse as a function of distance and ? is the length of the path. For 
the condition of periodic amplification, the path length i is set equal to the amplification period L or an integral 
number of amplification periods. By keeping the path-average power substantially equal to the usual soliton 
power from one amplification period to the next, it is thus possible to support well behaved soliton propagation. 
25 The usual soliton power is the power of a soliton necessary for propagation in a substantially lossless 
("ideal") optical fiber. 

For the optical fiber system shown in FIG. 1, it is useful in the first instance to understand the inventive 
relationship as being between the soliton period and the amplification period. However, the amplification period 
is only one of several different perturbations which affects soliton propagation. One other significant pertur- 
30 bation of consideration is variation of dispersion D for the optical fibers. Since long optical fiber spans from one 
optical amplifier to the next comprise a plurality of different fiber segments wherein each segment exhibits a 
slightly different dispersion value as shown in FIG. 2, it is possible to control variation of dispersion by con- 
necting the plurality of fiber segments in a manner to achieve substantiajly similar path average dispersion D 
over successive lengths of fiber defined as L©. Path average dispersion D is calculated as follows: 

35 

. t 

D=j jD(z)d2 , 

40 

where D(z) is the actual dispersion of the optical fiber as a function of distance. The path average dispersion 
D for the fiber segments of an exemplary portion of the system as shown in FIG. 2 is shown as the dashed lin 
labeled D. While the dispersion will not be strictly periodic with respect to L©, significant components of its spatial 
Fourier transform will be cut off for wavelengths longer than L D . Thus, in analyzing a broader inventive rela- 

45 tionship, it is contemplated that a quantity known as perturbation length, L^, should be less than the soliton 
period when the perturbation length is defined as the greater of Lo and L 

Soliton pulse widths t compatible with multi-gigabit rates are typically 30-50 psec. In tumrn the realm of Zo 
» Lpart for Lpert in the range of ~ 25-50 km corresponds to group velocity dispersion D of at most a few ps/nm/km. 
This level of dispersion is obtained in the low loss wavelength region by using standard dispersion shifted optical 

50 fiber. Advantageously, the use of low dispersion optical fiber for transoceanic transmission distances both 
reduces jitter in pulse arrival times caused by the Gordon-Haus effect and scales soliton pulse pair interactions 
to insignificance for pair spacings greater than or equal to five soliton pulse widths. 

Practical values of z© for contemplated systems satisfying the relationship Zo » Lpe rt for th range cited 
above are Zo on the order or several hundr d kilomet rs or greater. In other words, several tens (^50) of soliton 

55 periods are needed to span the entire system length. It is now understood that this relationship between the 
soliton p riod and the total system length promotes stability of the solitons. Wh n the number of soliton periods 
necessary to span th system length is on the order of one hundred or more, amplitud and pulse width of the 
solitons increase with increasing propagation distance. This increase introduces deleterous instability in each 
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soliton as it propagates down the fiber. The instability is shown in a system wherein the described system par- 
ameters are a system length of 9000 km, amplifi r spacing of 31 km, soliton period Zo and is narrowly confined 
to be approximately 20 to 60 km. In the above-cited article, there is no provision made for variation of dispersion. 
As described hereinbelow and in contrast to the results of the cited article, the present system provides for 

5 stable soliton propagation even under real conditions of varying dispersion from fiber segment to fiber segment 
In dispersion shifted fibers, group velocity dispersion tends to vary from draw to draw by about ±0.5 
ps/nm/km. Typical draw lengths are on the order of 1 0 to 20 km. For low dispersion fiber, this is a large fractional 
variation. Such variation in group velocity dispersion affects soliton propagation in a manner similar to that of 
energy fluctuations. As group velocity dispersion varies instantaneously and randomly along the soliton pro- 

10 pagation path, only the path average group velocity dispersion D is of concern as long as the average is over 
path lengths which are short relative to Zo- That is, L 0 is much less than the soliton period. 
The normalized Schrddinger equation for a lossy optical fiber is 

i|=ff + lu |2u + ru . (1) 

is where 6(z) is a normalized group velocity dispersion parameter defined as 

6(z) = ^. (2) 

where D(z) is the local and D, the system path-average group velocity dispersion. 

In the inventive limit where Lpe rt is much less than Zq, one may treat the group velocity dispersion and the 
20 nonlinearity as perturbations. To a lowest order approximation, Equation (1) is rewritten as 

^ + Tu = 0, (3) 

OZ 

which has a lowest order solution of 

u = u 0 (t)e-r V (4) 
25 with period L Introducing Equation (4) into Equation (1), one obtains 

where a = 2T is the energy loss rate parameter. Treating L as a differential L = Az with regard to the perturbations 
by group velocity dispersion and the nonlinearity, one obtains 

.Auo l I+ r L * d 2 "o 1 V 

= ^ /SWdz-^J- c-dzKPuo. (6) 
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A new Schrddinger equation is written as 



where 



1 I+L 

5(z)=-i-|5(z)d2. 



and where p = (1 -e^/faL) is the ratio of path average soliton power to peak soliton power in L If fiber segments 
(draws) are ordered in such^ way that group velocity dispersion as averaged over each amplification period 
I is approximately equal to D 9 , then it is seen that 6(z) »1. For Psd defined as the normal soliton power in a 
lossless fiber, the powerfor a soliton at the beginning of each amplification period is P^p and the path average 
so soliton power is identical to For convenient reference, it has been determined that for real fibers one can 
compute the normal soliton power P^, as: 

P«d = 0.776^5. £ (8) 
*" *2cn 2 t 2 w 

where X is the wavelength of the soliton pulses, A^ is the effectiv core cross-s ctional area (typically, 35jim 2 
55 in disp rsion shifted optical fibers), n 2 is the nonlinear index coefficient (3.2x1 0r 16 cm 2 /W in silica core fib r), 
and t is the pulse full width at half maximum. 

While it has been shown that the variation of group velocity dispersion can be controllable over length Lq 
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qual to the amplification period L, the variati n need not be so restricted. Other variations of group velocity 
dispersion are contemplated such as th conditions where L 0 > L (Lp*, = L 0 ) and where Lo < L (L^ = L). For 
the latter sets of conditions, it is possible to attain satisfactory sol iton propagation provided the significantly large 
Fourier components of D(z) only occur at wavelengths considerably shorter than the soliton period Zo.. That is, 

5 significantly large Fourier components of D(z) cut-off below the spatial frequency corresponding to Zo- 

For a numerical system simulation, system parameters for amplifier spacing, dispersion characteristics, 
and soliton power have been selected as shown in FIGs. 2 and 3 with amplification period L= 100 km. It is noted 
that such long amplification periods are not usually desirable on account of the excessive spontaneous emis- 
sion noise associated with the corresponding high gain doped fiber amplifiers. The variation in group velocity 

10 dispersion which, for convenience, also has a period Lo = 100 km is shown in FIG. 2. Total system path length 
is established as 900 km. For soliton pulse widths t of 50, 35, 25, 20, and 15 psec, the corresponding values 
of the soliton period derived from z<> the formula, 

Zo = 0-322^ g (9) 

15 are 980, 480, 240, 160, and 90 km, respectively, when the soliton wavelength X is 1.56nm. Soliton pulses with 
soliton periods (Zo) of 980 km and 480 km, which far exceed the perturbation length of 100 km, experience vir- 
tually no distortion in pulse shape or pulse spectrum after propagating over the entire system length. When the 
soliton pulses exhibited a period (Zo) of 240 km, which is only 2.4- L^, there was a slight deviation noted be- 
tween pulses launched in pairs at the system input and pulses output after propagating over 9,000 km. This 

20 deviation is shown in FIGs. 4, 5 and 6 where the input soliton pulse pair characteristic is shown plotted in dotted 
curves 41, 51, and 61, respectively, and the output soliton pulse pair characteristic is shown plotted in solid 
curves 41, 51 f and 61, respectively. The curves in FIGs. 4 and 5 depict linear and log scale representation of 
soliton pulse intensity 1 as a function of time. FIG. 6 shows the frequency spectrum of the soliton pulse intensity. 
As the soliton period approached and became less than the perturbation length atzo - 160 km and 90 km, 

25 soliton pulse shapes and spectra were seen to degrade in the system simulation. When the soliton pulse deg- 
rades, it loses energy to dispersive wave radiation. This is evidenced by the occurrence of wings or skirts on 
the pulse pair shown in log intensity curve 52 in FIG. 5 from -400 ps to -200 ps and from 200 ps to 400 ps. 
Ordering of the fiber segments to reverse the dispersion characteristic of FIG. 2 without changing the periods 
Lo further reduced pulse perturbation. 

30 In another example from experimental practice, an ultra-long distance, high bit rate, soliton transmission 

system was simulated using recirculating loops of dispersion-shifted optical fiber (D«1 -2ps/mum/km). The fiber 
loops were approximately 75 to 1 00 km in length and low gain erbium doped fiber amplifiers were inserted every 
25 to 30 km. After 9000 km transmission at 2 Gbps, soliton pulses of 50 psec pulse width showed an effective 
width of 63 psec. An error rate of better than 10^ was achieved using semiconductor laser sources norminally 

35 at1.5utn. 

From the analysis above, it is observed that solitons are remarkably resilient to large variations in energy 
and dispersion as long as the characteristic length scale of those variations, that is, the perturbation length, is 
much less than z<>. As a result, there appears to be no barrier to the use of lumped amplifiers, nor to the use 
of practical dispersion shifted optical fibers, in ultra long distance, soliton transmission systems. 

40 

Description of Wavelength Division Multiplexed Soliton System 

One attractive feature of the all-optical approach to ultra long distance transmission afforded by soliton 
transmission is that it facilitates wavelength division multiplexing (WDM). For most transmission modes, non- 
45 linear interactions between pulses at different wavelengths and the nonlinear characteristics of the optical fiber 
tend to cause severe interchannel interference. In an optical fiber system utilizing distributed amplification to 
uniformly canceled intrinsic fiber loss, it has been shown that solitons at different wavelengths, that is, different 
wavelengths, are transparent to each other during a collision so that each colliding soliton emerges from a 
mutual collision with its velocity, shape, and energy unaltered. In the description below, it is shown that such 
50 transparency is also maintained in an optical fiber transmission system implemented in accordance with the 
principles of the invention using lumped amplifiers such as doped fiber amplifiers, by maintaining the collision 
length sufficiently I ng relative to the p rturbation length. The collision length is defined as the distanc over 
which solitons travel through an optical fiber while passing through each oth r. The perturbati n length has 
been defined in terms of the amplification p riod measured as the spacing betw en optical amplifiers and as 
55 a possibly longer period of variation of another parameter perturbing soliton travel such as chromatic dispersion 
of the optical fiber. It will b described below that a wavelength division multiplexed system is capabl of imple- 
mentation for at least several multi-gigabit per second (Gbps) WDM channels having a total bandwidth of sev- 
eral nanometers where the fiber spans a transoceanic distance (7000-9000 km). 
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FIG. 7 schematically depicts an ex mplary soliton communication system 70 according to the principles 
f the invention. Radiation sources 71-1 ...71 -N each emit a stream of electromagnetic radiation puis s of center 
wavelength M...N, N=i2, (e.g., 2^N=£20), respectively. The pulses interact with a multiplexer 72, e.g., an 
optical grating, which serves to combine the N pulse streams into a single pulse stream 73 which is coupled 

5 into single mode (at all the wavelengths XO optical fiber 12-1. The pulses in the multiplexed pulse stream are 
of a type that can form fundamental optical solitons in the optical fiber. The coupied-in pulses are guided through 
the fiber to an output location where a single pulse stream 73 is coupled from the fiber into demultiplexer 75, 
exemplarily also an optical grating. The demultiplexer serves to divide pulse stream 73, into the various com- 
ponent streams of center wavelength X,, which are then detected by radiation detectors 76-1. ..76-N. 

10 At one or more intermediate points along the optical fiber, optical amplifiers are disposed to amplify the 

soliton pulses by, for example, stimulated emission of doping ions. Such well known components as means 
for modulating the radiation sources to impress information of the soliton pulses, attenuators, coupling means, 
and signal progressing means are not shown in FIG. 7. It is understood that actual communication systems 
typically permit bidirectional signal transmission either alternately over the same fiber or utilizing two or mor 

15 separate fibers. 

As is well known, only pulses whose wavelength is in the anomalous group velocity dispersion region of 
single mode optical fiber can become solitons. Thus all the center wavelengths X< of the inventive communi- 
cation system have to be in the anomalous group velocity dispersion region of fiber 12. Furthermore, the center 
wavelengths of a system according to the invention are advantageously chosen to lie in a low loss wavelength 

20 region of the optical fiber. For instance, in a system using silica-based fiber, the center wavelengths advan- 
tageously are chosen to be in the low loss region at or near about 1.55 um. Moreover, as will be understood 
from the description below, the radiation sources and/or the multiplexers generate the soliton pulse streams 
at center wavelengths which are separated by a sufficient wavelength difference to cause the collision length 
to be greater than or equal to two perturbation lengths. 

25 As is well known, the refractive index of materials is a function of wavelength. Thus, the phase and group 

velocities of electromagnetic radiation in a dielectric such as silica are a function of wavelength, and pulses of 
different wavelengths will have different propagation speeds in optical fiber. Consequently, if two or more pulse 
streams (having different Xft are propagating simultaneously in the same direction in a fiber, pulses of one pulse 
stream will move through those of another pulse stream. If the pulses are linear pulses, then such "collisions" 

30 between pulses by definition do not have any effect on the colliding pulses. On the other hand, a collision be- 
tween nonlinear pulses (i.e., pulses whose characteristics depend on the presence of nonlinearity in the ref- 
ractive index of the transmission medium) is in general expected to result in an interaction between the pulses. 
Solitons are nonlinear pulses, and it can therefore be expected that a collision between solitons will have an 
effect on the colliding pulses. 

35 Even though co-propagating soliton pulses of different wavelengths do interact when the overtaking pulse 

moves through the overtaken pulse, the interaction leaves, for all practical purposes, the individual solitons 
intact. For instance, in a fiber transmission channel without loss the only significant consequence of a collision 
is that the overtaking soliton is moved slightly ahead of its normal position, and the overtaken one is slightly 
retarded. Even a large number of collisions will produce a net displacement of at most a few pulse widths t, 

40 with the variance of the displacement being a small fraction of t 2 . 

Furthermore, the soiiton-preserving quality of the collisions between co-propagating solitons of different 
wavelengths continues to hold in the presence of perturbations such as are present in real communications 
systems, e.g., distributed fiber loss, variations in fiber core diameter, lumped loss, and lumped gain. Thus, a 
wavelength division multiplexed soliton communication system is feasible and herein techniques and formulae 

45 are disclosed below to permit the design of such a system. 

Considera pair of solitons with optical frequency difference Af traveling together down a lossless and other- 
wise unperturbed fiber wherein the higher frequency (higher velocity) soliton initially is behind the lower fre- 
quency (higher velocity) soliton pulse. In the arrangement of pulses, it is assured that the two soliton pulses 
will eventually collide as they propagate along the optical fiber. For convenience, let the reference frame move 

so with the mean velocity of the two pulses, and let (retarded) time t and distance of propagation down the fiber 
z be expressed in the usual soliton units (t<. = t/1.763 where t is the pulse intensity full width at half maximum 
(FWHM), and Zc = (2/*)Zo, wh re Zo is the soliton period). Let the solitons have angular frequencies ±Q, re- 
spectively (a * radians/tc, so Af= n/(*tc)). When the solitons are well separated, the envelope function of the 
slower of the two solitons is written as 

55 u = sech(t-nz)exp(i)(nt + (10) 

where $ = (1-n2)z/2, with similar expression for the other soliton. From Equation (10), it follows that th equation 
of motion for the center of the pulse is t = Oz. Although it is an angular fr quency, CI also plays the role of a 
r ciprocal velocity which is the rate of change of time per unit distance traveled. Let the characteristic collision 
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10 



15 



length U^i begin and end where the solitons ov riap at th ir half power points. From the equation of motion, 
one then has t/tc= flUc/Zc, or, when translat d entirely to actual units, 

La* = 0.6298% = — t (11) 
TAf DAX v ' 

where AX is the interchannel wavelength difference, that is, the wavelength difference between colliding soli- 
tons. During the collision, the two solitons undergo a velocity shift which is valid when Q »1 so that the spectra 
of the solitons do not overlap. The velocity shift is expressed below as, 

8Q = Jdt sech 2 (t - Qz) scch 2 (t + Qz) 

, 2 [2Qzcosh(2Qz)-sinh(2flz)1 
* Q (sinh(2Qz)) 3 



From Equation (3), it is seen that 8Q max = 2/(3n), and that 8Q returns to zero after the collision is over. The 
only net result of the collision is a displacement in time of each soliton, obtained by integrating Equation (3) 
using the integral form shown above over 

5t = ±n- 2 - (13) 

20 where the + and - signs apply to the slower and the faster of the colliding soliton pulses, respectively. Collisions 
retard the slower soliton pulse from the WDM channel at X* and advance the faster soliton pulse from the WDM 
channel at Xj. Equation (13) approximates the exact result 6t * ± 1n (1+Q~ 2 ) known from inverse scattering 
theory, when n »1. In practical units for the soliton transmission system, Equation (13) becomes 

5t * ±0.178S-prr. (14) 
25 T(Af)2 X 

Since pulses of a given wavelength division multiplexed channel will tend to suffer a range of collisions, from 
none at all to a maximum given by N ■ Z-c/(Lcoi|T), where Z is the total system length and T is the bit period, 
there will be a spread of arrival times for the soliton pulses about the mean. This spread is given by multiplying 
Equation (14) by N/2 to obtain, 

30 At = ±0.1418 — ^—. (15) 

Zq T Af 

It is now seen that the maximum allowable At sets a limit on the minimum allowable Af. 

As described above for a single wavelength channel, soliton pulses are substantially unaffected by pertur- 
bations whose period is much shorter than Zq. For example, solitons having a pulse width t in the range of 30-50 

35 psec traversing an optical fiber having dispersion D wig 1 psec/nm/km, for which z«, is at least several hundred 
kilometers, have no difficulty traversing a system of length approximately 10,000 km. with lumped amplifiers 
spaced apart as much as 1 00 km. 

For wavelength division multiplexed soliton transmission systems, the use of large amplification periods 
tends to be limiting. Consider, for example, a soliton-soliton collision centered about an optical amplifier, where 

40 the collision length is less than the amplification period. For the first half of the collision, the solitons collide in 
a low intensity region preceding the optical amplifier. In the second half of the collision, the solitons experience 
the gain of the amplifier and, therefore, higher intensities. As a result, the acceleration of the solitons is initially 
diminished for the first half of the collision whereas the acceleration of the solitons is subsequently augmented 
during the second half of the collision. Unbalancing of the acceleration yields a net velocity shift. Such velocity 

45 shifts, when multiplied by the remaining fiber distances to the system terminus, can result in a large jitter in 
pulse arrival times. 

Variation of the fiber chromatic (grou p velocity) dispersion parameter D along the path also has the potential 
to unbalance the collision. Dispersion for actual dispersion shifted fibers tends to vary by about ±0.5 ps/nm/km 
from draw to draw. When these fibers are spliced together in a transmission system, the interface between fibers 
so may exhibit a step change in the dispersion. 

Consider, for example, a collision centered about a step change in dispersion. Although the acceleration 
has the same absolute peak value for each half of the collision, the collision duration and, therefore, the collision 
length Uch is different for ach half of the collision corresponding to the different prevailing values of disp rsion 
on either side of a fiber splice. Thus, the int gral of the soliton pulse acceleration over the entir collision, and 
55 hence the n t velocity shift, is non-zero. 

With all other conditions fixed, th net velocity (frequency) shift of a collision is always a periodic function 
of the position, or phase, of the collision with respect to a periodic perturbation. 

In the description above, examples were presented in which the collision length was shorter than or conv 
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parable to the perturbation I ngth. As the collision length is made substantially larger than the perturbation 
length, it is now expected that the symmetry of the acceleration function would be at least partially restored. 
Hence, the net velocity shifts would be r duced. It has now b en discovered by me that this expectation is ful- 
filled and exceeded. Consider, for example, a collision centered on an optical amplifier as described above whe- 

5 rein L^, = 50 km, but the amplification period is reduced to 20 km. Although the acceleration (FIG. 8, curve 80) 
is discontinuous and highly distorted, the resultant velocity (FIG. 8, curve 81 ) is remarkably close to that of an 
unperturbed fiber. It is particularly important of course, that the net velocity change is essentially zero, and 
that this result obtains no matter where the collision is centered with respect to the amplifiers. In FIG. 8, curve 
82 shows the variation of soliton pulse energy through the wavelength division multiplexed soliton transmission 

10 system. 

To explore this discovery further, a systematic study has been made by me using direct numerical solution 
of the nonlinear Schrodinger equation for collisions between soliton pulses in a wavelength division multiplexed 
soliton transmission system as in FIG. 7 wherein Lp^ in the range 20-40 km. In order to achieve this range of 
values for Lp^ in a comprehensive manner, the lumped amplifier spacing L and the periodic variation of the 

15 fiber dispersion L 0 have been analyzed separately and in combination. Specifically, the amplification period 
has been set to 20 km and the variation of dispersion has been set to have a period of 20 km or 40 km. 

FIG. 9 shows the net absolute velocity shifts plotted as a function of the ratio L^/Lpe* where Lp^ is the 
longest perturbation period from either L or Lq as defined above. The ratio IWLpe* was varied for different 
values of by changing the frequency spacing between channels to vary L^,,. With respect to dispersion 

20 variation, Leou is based on the path average dispersion, D, The phase of the collision relative to the perturbation 
was held constant and equal to a desired value which yielded maximum effect for values of Lcou/Lp^L Col- 
lected data points from this analysis tended to fit a curve of universal shape independent of the particular val ues 
for the collision length or the perturbation length. It was noted that only the height of the curve changed to 
account for perturbations of different strengths. As the results are now understood, they are believed to be suf- 

25 ficientiy general to apply for any perturbation period and not just to the particular perturbation periods described 
in FIG. 9. From my analysis, it has been determined that the velocity shifts are negligible for U^/Lp^ >wig 2. 
As a result, a large and universal "safe region" shown in FIG. 9 has been discovered within which a wavelength 
division multiplexed soliton transmission system may be designed to operate using lumped amplifiers. This reg- 
ion is far different one used in prior art wavelength division multiplexed soliton transmission systems where 

3 ° LWLpeft was chosen less than 0.5 in order to maintain small velocity shifts. Of course, the criteria set forth for 
the design of a single channel soliton transmission system also applies with the new criterion defining the "safe 
region". In the safe region, the behavior of sol iton-soliton collisions for different multiplexed channels is virtually 
indistinguishable from that obtaining in an unperturbed fiber. 

In FIG. 9, heavy solid line curves 91' and 92' involve all significantly large harmonics of the perturbation 

35 whereas light solid line curves 91 through 94 involve only the fundamental component of the perturbation. 

Curves 91 and 91' have been computed for a wavelength division multiplexed soliton transmission system 
realized in accordance with the principles of the invention wherein the optical amplifiers are spaced 20 km apart 
(L = 20 km) and the optical fiber exhibits a substantially periodic dispersion characterized in that the dispersion 
is substantially constant for each successive 20 km segment and the segments are arranged to have disper- 

40 sions which alternate between 0.5 ps/nm/km and 1.5 ps/nm/km so that the path average dispersion is equal 
to 1 ps/nm/km and l© = Lp«t = 40km. Step changes in dispersion, that is, splices to different optical fiber seg- 
ments, occur at each optical amplifier for maximizing the combined effects of the different perturbations. For 
the faster soliton pulses, the value of Spf is negative. 

Curves 92 and 92' have been computed for a wavelength division multiplexed soliton transmission system 

45 realized in accordance with the principles of the invention wherein the optical amplifiers are spaced 20 km apart 
(L = 20 km) and the optical fiber exhibits a substantially periodic dispersion characterized in that the dispersion 
is substantially constant for each successive 10 km segment and the segments are arranged to have disper- 
sions which alternate between 0.5 ps/nm/km and 1.5 ps/nm/km so that the path average dispersion is equal 
to 1 ps/nm/km and L = U> = Lp*t = 20km. Step changes in dispersion, that is, splices to different optical fiber 

so segments, occur at the optical amplifiers in such a manner that the larger dispersion fiber precede the amplifiers 
and the smaller dispersion fibers follow the amplifiers. This arrangement of segments maximizes the combined 
effects of the different perturbations. For the faster soliton pulses, the value of 5f is positive. 

Curve 93 has been c mputed for a theoretical wavelength division multiplexed soliton transmission system 
realized with "lossless" optical fiber thereby eliminating the optical amplifiers and wherein the 'lossless" optical 

55 fiber exhibits a periodic dispersion characterized in that the dispersion is substantially constant for each suc- 
cessive 10 km segment and the segments ar arranged to have dispersions which alternate betwe n 0.5 
ps/nm/km and 1.5 ps/nm/km so that the path average dispersion is qual to 1 ps/nm/km and Lo = ■ 20km. 
For the faster soliton pulses, the value of 8f is positive. 
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Curve 94 has been computed for a wavelength division multiplexed soliton transmission system realized 
in accordance with the principles of the invention wherein the optical amplifiers are spaced 20 km apart (L » 
20 km) and the optical fiber exhibits a substantially constant dispersion of 1 ps/nm/km over the entire system 
length so that there is no variation of dispersion. For the faster soliton pulses, the value of 8f Is positive. 
5 Maximum allowable frequency (or wavelength) separation between channels is determined from the border 

of this safe region for a given perturbation length. By setting = 21.^ in Equation (1 1) and solving for Af, 
we obtain 

Afmax = 0.31 (16) 
TL pert 

« It has also been found that at least for Lc^/Lp^ > 1, the effect of a periodic perturbation depends almost 
exclusively on its fundamental Fourier component. For a periodic perturbation and when only the fundamental 
Fourier component term is required, the curve of frequency shift has the form: 

8fi = AL ~ii& < 17 > 

15 where x = ni/mi^fi = 2.80 Lc^/l-pert. and where the amplitude A is computed from details of the perturbation. 
As shown in FIG. 9, normalized curves for Equation (1 7) match computer simulated results extremely well for 
LWLpeit - 1 . while for L^l-p^ =1 1 , it is in general necessary to include higher order Fourier components. The 
essentially quadratic behavior of Equation (17) for L^JL^n « 1 is consistent with the O- 2 dependence of the 
velocity shifts described in the art. 

20 it Is noted that when the colliding pulses from different wavelength multiplexed channels overlap at the input 
or output of the fiber, acceleration will be unbalanced. Although this effect is generally of no consequence when 
it occurs at the output of the system, it can be considered when it occurs at the input because resultant velocity 
shifts multiplied by the system length can cause serious deviations in pulse arrival time. To overcome this prob- 
lem, one should adjust the relative timing among multiplexed channels such that soliton pulses avoid significant 

25 overlap at the fiber input. The above solution assumes that the bit rate in all channels is determined by a com- 
mon clock. It is understood that this requirement would tend to limit the minimum number of channels to about 
T/t. 

In a fiber with very low polarization dispersion, it is contemplated that signals from adjacent channels can 
be injected into the system with orthogonal polarizations. 

30 Practical implications of this system are best understood from the following specific example. Consider a 

9000 km long system with Lp^ = 40 km, D = 1 psec/nm/km, employing channels of 4 Gbits/s each (x=50 psec 
soiitons with minimum separation 5r); Zo = 930 km. Then from Equation (16) we have Af^ = 146 GHz, or Sk^ 
= 1.2 nm. According to Equation (15), setting Af max to one quarter of that value yields a spread in arrival times 
At = +7.5 psec from interaction between two adjace nt channels. When interaction with all other channels is taken 

35 into account, the worst case jitter would be three times that amount, or ±22.5 psec. The predicted error rates 
are still much less than 10- 12 . Thus, one could have as many as 5 channels, for a total of 20 Gbits/sec on a 
single fiber in a wavelength division multiplexed soliton transmission system over transoceanic distances. Fur- 
thermore, since a system of closely spaced amplifiers having low individual gain has the potential to be bidirec- 
tional, and since counter-propagating signals do not interact, the total bidirectional capacity of the fiber could 

40 be as great as 40 Gbits/sec for the exemplary system cited above. 

It is contemplated that the soliton pulse width may vary from one multiplexed channel to the next. However, 
It is desirable to maintain soliton pulse widths at a substantially equal value. 



45 Claims 

1. A lightwave transmission system for propagation of soliton pulses comprising: 

means for generating a sequence of pulses of electromagnetic radiation at a predetermined 
wavelength, each pulse having a pulse width t; 
so a single mode optical fiber having anomalous group velocity dispersion in a spectral region that 

includes the predetermined wavelength, the optical fiber exhibiting substantially equal path average group 
v locity disp rsion for each successive path of length l_o along the optical fiber, 

means for coupling the sequence of pulses into the optical fiber at an input location, the coupled-in 
pulses being of the type for forming fundamental soiitons in the optical fiber wherein the soiitons exhibit 
55 a soliton period Zo related to both the pulse width t and the path average group velocity dispersion, the 

coupled-in pulses propagating through the optical fiber from th input location to an output location; and 
a plurality of means for amplifying th coupled-in pulses at predetermined, locations along the optl- 
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ca) fiber interm diate the input location and the output location wher in adjacent means for amplifying are 
spaced apart from each other by a distance L, each amplifying means increasing the coup) d-in pulses 
to have a path average power substantially equal to a standard soliton power, and the ratio of the distance 
I to the soliton period is significantly less than unity. 

5 

2. The lightwave transmission system as defined in claim 1 wherein the ratio of the distance L to the soliton 
period is less than or equal to 1/3. 

3. The lightwave transmission system as defined in claim 1 wherein a ratio of totaJ length Z for the optical 
10 fiber to the soliton period Zq is less than or equal to 50, 

4. A lightwave transmission system for propagation of soliton pulses comprising: 

means for generating a sequence of pulses of electromagnetic radiation at a predetermined 
wavelength, each pulse having a pulse width t; 
is a single mode optical fiber having anomalous group velocity dispersion in a spectral region that 

includes the predetermined wavelength, the optical fiber exhibiting substantially equal path average group 
velocity dispersion for each successive path of length to along the optical fiber, 

means for coupling the sequence of pulses into the optical fiber at an input location, the coupled-in 
pulses being of the type for forming fundamental solitons in the optical fiber wherein the solitons exhibit 
20 a soliton period Zo related to both the pulse width t and the path average group velocity dispersion, the 
coupled-in pulses propagating through the optical fiber from the input location to an output location; and 
- a plurality of means for amplifying the coupled-in pulses at predetermined, locations along the opti- 
cal fiber intermediate the input location and the output location wherein adjacent means for amplifying are 
spaced apart from each other by a distance L, each amplifying means increasing the coupled-in pulses 
25 to have a path average power substantially equal to a standard soliton power, and the ratio of the length 
L D to the soliton period is significantly less than unity. 

5. The lightwave transmission system as defined in claim 4 wherein the ratio of the length Lo to the soliton 
period is less than or equal to 1/3. 

30 

6. The lightwave transmission system as defined in claim 4 wherein a ratio of total length 2 for the optical 
fiber to the soliton period z<> is less than or equal to 50. 

7. A lightwave transmission system for propagation of soliton pulses comprising: 

35 means for generating a sequence of pulses of electromagnetic radiation at a predetermined 

wavelength, each pulse having a pulse width t; 

a single mode optical fiber having anomalous group velocity dispersion in a spectral region that 
includes the predetermined wavelength, the optical fiber exhibiting substantially equal path average group 
velocity dispersion for each successive path of length Lo along the optical fiber, 

40 means for coupling the sequence of pulses into the optical fiber at an input location, the coupled-in 

pulses being of the type for forming fundamental solitons in the optical fiber wherein the solitons exhibit 
a soliton period Zo related to both the pulse width t and the path average group velocity dispersion, the 
coupled-in pulses propagating through the optical fiber from the input location to an output location; and 
a plurality of means for amplifying the coupled-in pulses at predetermined, locations along the opti- 

45 cal fiber intermediate the input location and the output location wherein adjacent means for amplifying are 

spaced apart from each other by a distance L, each amplifying means increasing the coupled-in pulses 
to have a path average power substantially equal to a standard soliton power, and the ratio of a system 
perturbation length to the soliton period is significantly less than unity wherein the system perturbation 
length is the greater of either the length Lo or the distance L 

50 

8. The lightwave transmission system as defined in claim 7 wherein the ratio of the system perturbation length 
to the soliton period is less than or equal to 1/3. 

9. The lightwave transmission system as defined in claim 7 wher in a ratio of total length Z for the optical 
55 fiber to the soliton period Zo is (ess than or equal to 50. 

10. A lightwave transmission system for propagation of soliton pulses wherein the transmission system is a 
multiplexed soliton transmission system which comprises N channels, where N is an integer greater than 
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or equal to 2, any i m channel of th multiplexed soliton communication system, for i equal to 1, 2,..., IM, 
comprising: 

means for generating a sequence of puis s of lectromagnetic radiation of wave! ngth Xj, the 
wavelength X 1 being less than the wavelength X»i to exhibit an interchannel spacing AX = X*i - and each 
5 pulse having a pulse width % 

means for multiplexing the N sequences of pulses to form a multiplexed sequence of pulses; 

a single mode optical fiber having anomalous group velocity dispersion in a spectral region that 
includes the wavelength X*. the optical fiber exhibing substantially equal path average group velocity dis- 
persion for each successive path of length Lo along the optical fiber; 
10 means for coupling the multiplexed sequence of pulses into the optical fiber at an input location, 

all coupled-in pulses being of the type for forming fundamental solitons in the optical fiber wherein the sol- 
itons exhibit a soliton period Zo; related to both the pulse width t; and the average group velocity dispersion, 
the coupled-in pulses propagating through the optical fiber from the input location to an output location; 
and 

15 a plurality of means for amplifying the coupled-in pulses of the multiplexed sequence at predeter- 

mined, locations along the optical fiber intermediate the input location and the output location wherein adja- 
cent means for amplifying are spaced apart from each other by a distance L, each amplifying means 
increasing the coupled-in pulses to have a path average power substantially equal to a standard soliton 
power, the ratio of the distance L to the soliton period z^j is significantly less than unity, and a collision 

20 length related to the interchannel spacing is less than or equal to twice the distance L. 

11. The lightwave transmission system as defined in claim 10 wherein the ratio of the distance L to the soliton 
period is less than or equal to 1/3. 

25 12. The lightwave transmission system as defined in claim 10 wherein a ratio of total length 2 for the optical 
fiber to the soliton period Zo.i is less than or equal to 50. 

13. The lightwave transmission system as defined in claim 1 0 wherein the soliton periods for all channels are 
substantially equal. 

30 

14. A lightwave transmission system for propagation of soliton pulses wherein the transmission system is a 
multiplexed soliton transmission system which comprises N channels, where N is an integer greater than 
or equal to 2, any i* channel of the multiplexed soliton communication system, for i equal to 1, 2,..., N, 
comprising: 

35 means for generating a sequence of pulses of electromagnetic radiation of wavelength X,, the 

wavelength Xj being less than the wavelength X^ to exhibit an interchannel spacing AX = X M - Xj, and each 
pulse having a pulse width ti; 

means for multiplexing the N sequences of pulses to form a multiplexed sequence of pulses; 
a single mode optical fiber having anomalous group velocity dispersion in a spectral region that 
40 includes the wavelength X{. the optical fiber exhibiting substantially equal path average group velocity dis- 

persion for each successive path of length Lo along the optical fiber; 

means for coupling the multiplexed sequence of pulses into the optical fiber at an input location, 
all coupled-in pulses being of the type for forming fundamental solitons in the optical fiber wherein the sol- 
itons exhibit a soliton period Zc,i related to both the pulse width t| and the average group velocity dispersion, 
45 the coupled-in pulses propagating through the optical fiber from the input location to an output location; 

and 

a plurality of means for amplifying the coupled-in pulses of the multiplexed sequence at predeter- 
mined, locations along the optical fiber intermediate the input location and the output location wherein adja- 
cent means for amplifying are spaced apart from each other by a distance U each amplifying means 
50 increasing the coupled-in pulses to have a path average power substantially equal to a standard soliton 

power, the ratio of the length L 0 to the soliton period Zoj is significantly less than unity, and a collision length 
related to the interchann I spacing is I ss than or equal to twice the length Lq. 

15. The lightwave transmission system as defined in claim 1 4 wrier in the ratio of th length Lo to the soliton 
55 period is less than or equal to 1/3. 

16. The lightwave transmission system as defined in claim 14 wherein a ratio of total length Z for the optical 
fiber to the soliton period Zo,, is less than or qual to 50. 



13 



EP 0 473 331 A2 



17. The lightwave transmission system as defined in claim 14 wherein the soliton periods for all channels are 
substantially qua). 

18. A lightwave transmission system for propagation of soliton pulses wherein the transmission system is a 
multiplexed soliton transmission system which comprises N channels, where N is an integer greater than 

or equal to 2, any i* channel of the multiplexed soliton communication system, for i equal to 1, 2 N, 

comprising: 

means for generating a sequence of pulses of electromagnetic radiation of wavelength X,, the 
wavelength ^ being less than the wavelength X^ to exhibit an interchannel spacing AX = Xm - and each 
pulse having a pulse width ti; 

means for multiplexing the N sequences of pulses to form a multiplexed sequence of pulses; 

a single mode optical fiber having anomalous group velocity dispersion in a spectral region that 
includes the wavelength X<, the optical fiber exhibiting substantially equal path average group velocity dis- 
persion for each successive path of length Lq along the optical fiber; 

means for coupling the multiplexed sequence of pulses into the optical fiber at an input location, 
all coupled-in pulses being of the type for forming fundamental solitons in the optical fiber wherein the sol- 
itons exhibit a soliton period Zo, t related to both the pulse width tj and the average group velocity dispersion, 
the coupied-in pulses propagating through the optical fiber from the input location to an output location; 
and 

a plurality of means for amplifying the coupled-in pulses of the multiplexed sequence at predeter- 
mined, locations along the optical fiber intermediate the input location and the output location wherein adja- 
cent means for amplifying are spaced apart from each other by a distance L, each amplifying means 
increasing the coupled-in pulses to have a path average power substantially equal to a standard soliton 
power, the ratio of a system perturbation length to the soliton period is significantly less than unity wherein 
the system perturbation length is the greater of either the length Lq or the distance L, and a collision length 
related to the interchannel spacing is less than or equal to twice the distance L 

19. The lightwave transmission system as defined in claim 18 wherein the ratio of the perturbation length to 
the soliton period is less than or equal to 1/3. 

20. The lightwave transmission system as defined in claim 18 wherein a ratio of total length Z for the optica) 
fiber to the soliton period Zo.i is iess than or equal to 50. 

21. The lightwave transmission system as defined in claim 1 8 wherein the soliton periods for all channels are 
substantially equal. 
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FIG. 2 
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